A detailed numerical study of a single laser-induced cavitation bubble that is generated next to a flat, solid wall under normal ambient conditions is presented. For the numerical simulation a compressible two-phase solver of the finite volume software package OpenFOAM has been adapted for our purpose. Bubbles with an initial normalized distance γ from the wall in the range γ ∈ [1.02, 1.5] are simulated. The investigation focuses on the dynamics of the liquid-on-liquid impact of the micro-jet, the splitting of the resulting torus bubble into several ring-like bubbles and their subsequent collapse. Details of the dynamics of the bubble at and after jet-impact, including the formation of an annular sheet-like "nano-jet" are presented. Pressure waves emanating from jetimpact and collapse are described. The influence of the initial distance from the wall on the above described phenomena is investigated. In particular, jet velocities and the maximum pressure at jet-impact are given for this range of normalized distances.
Introduction
The interest in bubbles near boundaries stems from their destructive action on any wall material however hard (cavitation erosion), later from their use in cleaning surfaces (bubble cleaning). Nevertheless numerical studies on the behavior of bubbles near boundaries are scarce owing to the size of the problem. Large scale differences in space (mm to sub-µm) and time (ms to ns) call for large meshes with small cells and large time intervals with small time steps. It is only recently that computers and code can handle this bubble dynamics problem in compressible liquids in reasonable computer time (e.g. [1] [2] [3] [4] [5] [6] ). Here, a model of a laser-induced bubble near a solid wall at different normalized initial distances γ in the range 1.02 to 1.5 is studied with respect to the main axial jet formation and the thereby induced phenomenon of an annular nano-jet.
Model
A standard bubble model for a cold liquid (a liquid far from its boiling point) is used [7] . The bubble is filled with a small amount of non-condensable gas (air). The (low) vapour pressure is neglected as are thermodynamic effects, gravity and mass exchange through the interface. Compressibility of the sourrounding liquid (water) is included via the Tait equation of state to allow for pressure waves and the formation of weak shock waves. Surface tension is neglected here. Viscosity of the liquid and gas is included.
The two fluids liquid and gas are modeled as a single compressible medium with density ρ = α l ρ l + (1 − α l )ρ g , pressure p and velocity field U satisfying the continuity (1) and Navier-Stokes equations (2) . The liquid volume fraction α l is used to distinguish between liquid (α l = 1) and gas (α l = 0). α l is evolved by means of the continuity equation of the liquid (3).
∇ denotes the gradient, ∇· is the divergence and ⊗ the tensorial product. T is the viscous stress tensor of a Newtonian fluid:
The dynamic viscosities µ l of the liquid and µ g of the gas are taken to be constant (µ l = 1.002 × 10 −3 kg/(s m), µ g = 1.7 × 10 −5 kg/(s m)). The equations of motion are closed by the equations of state for the gas and the liquid. For the gas in the bubble, the change of state is assumed to be adiabatic.
with γ g = 1.4 (as valid for air) the ratio of the specific heats of the gas. For the liquid, the Tait equation of state for water is used.
with p ∞ the atmospheric pressure, ρ ∞ the equilibrium density, the Tait exponent n T = 7.15 and the Tait pressure B = 304.6 MPa.
The numerical implementation is based on the two-phase solver compressibleInterFoam of the software package OpenFOAM [8] . Eqs. (1) - (3) are rewritten as evolution equations for p, U and α l and are discretized with the finite volume method (FVM). Numerical diffusion of the interface is counteracted by an interface compression term added to Eq. (3). The latter is solved explicitly in a number of sub-cycles per time step using a scheme that guarantees boundedness of α l between 0 and 1. Eqs. (1) and (2) are solved iteratively with a PISO like algorithm. For details on the numerical implementation see the description in [3] . There also grid convergence tests and a validation of the code by comparing the bubble shape during expansion, collapse and first rebound with experimental data for a laser generated bubble with γ = 1.42 are given.
Simulations are carried out in axial symmetry, i.e. on a wedge geometry with an opening angle α taken to be α = 2 • here. The grid is Cartesian with uniform grid spacing ∆x = ∆y = R max /500 in a rectangular region that completely covers the bubble. This resolution has been chosen such that the finer details of the shape dynamics during jet impact are resolved. Furthermore, robust quantities of the bubble dynamics, as e.g. the maximum jet velocity, have converged at this resolution. For evaluation of the maximum pressure at jet impact in Fig. 2 below, as well as for Figs. 3, 4 the grid is refined to ∆x = ∆y = R max /1000. Outside the rectangular domain the grid spacing increases with a progression factor of 1.09 up to a distance of 80 R max from the bubble center. Further layers of cells with a progression factor of 1.2 are added to damp pressure reflexions at the outer boundary.
Boundary conditions at the wall are no-slip for the velocity and zero normal gradient both for the pressure and the volume fraction α l . At the (artificial) outer boundary of the computational domain pressure and velocity satisfy an approximate non-reflecting boundary condition with linear relaxation to the atmospheric pressure p ∞ repectively zero velocity at some distance. The volume fraction α l has a zero normal gradient boundary condition.
The time-step is chosen such that the maximum Courant number of the flow is ≤ 0.1. During the initial expansion phase of the bubble as well as after jet impact the maximum acoustic Courant number is well below 1.
We start the evolution of the bubble shortly after formation. A spherical bubble with an initial radius of R init = 20 µm is placed at various distances D init from the wall, such that the dimensionless parameter γ := D init /R max is in the interval γ ∈ [1.02, 1.5]. Initially the bubble is put under an internal pressure p i = 1.1×10 4 bar such that it would expand to a maximum radius R max = 500 µm when placed in an unbounded liquid. The initial internal pressure results from adiabatic compression of the gas from an equilibrium radius of R n,init = 184.1 µm to R init . However, it is known that with this amount of non-condensable gas the collapse will be delayed and mitigated by the gas compression and the maximum rebound radius will be larger than is experimentally found. We therefore remove some portion of the gas during the expansion phase such that the maximum rebound radius in an unbounded liquid matches experimental data [9] . The final amount of gas corresponds to an equilibrium radius R n,final = 64 µm.
Results
After generation the bubble expands to a maximum equivalent radius R max,equiv that is slightly smaller than R max but approaches R max for larger γ. Subsequently the bubble collapses driven by the ambient pressure of 1 bar. A pressure zone develops above the bubble on the side opposite from the solid wall which drives an axial liquid jet. The jet impacts on the opposite bubble wall. The time that elapses between maximum bubble volume and jet impact first increases with γ in the interval [1.02, 1.1] and then decreases with γ. The numerical values of these times normalized by the individual collapse times are in good agreement with those in [10] (Fig. 14) obtained from an incompressible simulation for a bubble with constant vapour pressure driven by an ambient pressure of 1 bar. Figure 1 shows the velocity of the jet tip v jet := |v jet | shortly before impact as a function of the stand-off parameter γ. The velocity increases with the initial distance from the wall. These values again are in good agreement with [10] (Fig. 15) for these values of γ. Figure 1 also gives the impact velocity v impact := |v jet − v lbw |, with v lbw the velocity of the lower bubble wall. As the jet impact occurs in a later stage of bubble collapse with increasing γ, the impact velocity also increases with γ.
The jet has a rounded tip that impacts on the opposite, curved bubble wall. Figure 1 gives the curvature radii of the jet tip and the lower bubble wall as a function of γ. The curvature radius of the jet tip increases from approximately 18 µm at γ = 1.02 to approximately 36 µm at γ = 1.5. The curvature radius of the lower bubble wall is around 800 µm at γ = 1.02 where the solid boundary has a strong influence on the lower bubble wall. It sharply drops to approx. 242 µm at γ = 1.1 and then slowly decreases to 122 µm at γ = 1.5. The maximum pressure at the axis of symmetry at jet impact is shown in Fig. 2 as function of γ. It increases with γ from approximately 200 bar at γ = 1.02 to 600 bar at γ = 1.5. Figure 2 also gives the water hammer pressure, which is an estimate for the impact pressure obtained from 1D considerations. The relation for the impact liquid-on-liquid is
The maximum pressure at the axis extracted from the numerical simulation is smaller than the water hammer pressure by a factor of approximately 1.7 -3, the difference decreasing with γ. This might be mainly due to insufficient numerical resolution. The high pressure is generated in a small region ∼ R c,jet v impact /c ∞ and lasts for a very short time interval ∼ 3R c,jet v impact /(2c 2 ∞ ). For the jet curvature radii, O(10 µm), and velocities, O(100 m/s), as determined here this corresponds to a spatial region with a radius of O(1 µm) and a duration of O(1 ns). Both are not properly resolved with ∆x = 0.5 µm and a time-step of ∆t 0.3 ns around jet impact. Figure 3 shows the pressure field of a bubble with γ = 1.2 from jet impact to the first collapse. The first row gives an overview for selected times, the second row presents an enlargment (for partly different times). At t = 102.45 µs, shortly before jet impact, the region of high pressure above the bubble is visible. At t = 102.48 µs the jet has impacted the opposite bubble wall changing the topology of the bubble from simply connected to torus form. The high pressure in the impact region is visible. At t = 102.5 µs the impact pressure wave is visible spreading in nearly spherical form. At t = 102.6 µm the further propagation of the pressure wave with a tension tail can be seen in the funnel of the torus bubble. On the frames from t = 102.6 µs to t = 103 µs a small annular liquid jet is visible, which is called "nano-jet" here, to distinguish it from the primary axial jet that commonly is termed "micro-jet". The nano-jet gets unstable and sheds (torus) droplets into the bubble, that impact the opposite bubble wall. t = 103.7 µs finally shows that the torus bubble has split into several small bubbles, that collapse individually emitting a series of shock waves.
The velocity field is shown in Figure 4 . Shortly before jet impact, in the first frame, the jet with a velocity of approximately 90 m/s pushes the gas between jet and lower bubble wall into the main region of the bubble. The continuous impact of the jet pushes the gas further into the bubble, forming an expelled gas shock, visible at t = 102.6 µs. The nano-jet and small (torus) droplets are visible on the frames t = 102.6 µs to t = 103.4 µs. Several small torus bubbles are split from the main bubble subsequently in frames t = 103 µs to t = 103.6 µs. For a more detailed description of the pressure and velocity field of a bubble with similar behaviour (γ = 1.36) see [5] . Figure 3 : Pressure field of a bubble with γ = 1.2 from jet impact to the collapse of several torus bubbles. First row: frame size 800 × 800 µm, the solid wall is located at the lower border of each frame. Second row: frame size 300 × 300 µm
Discussion
The evolution of laser generated bubbles with a dimensionless distance of γ ∈ [1.02, 1.5] from a solid wall has been modeled and simulated from expansion to the first collapse. Bubbles in this range show a similar behaviour in that the axial micro jet impacts well before the final stage of the collapse, which occurs as individual collapses of several torus bubbles. The nearby solid boundary has a pronounced influence on the lower bubble wall for γ 1.1 which manifests itself here by the small curvature of the lower bubble wall at jet impact. The jet velocity given here for a gas filled bubble is in very good agreement with the values in [10] obtained from a boundary integral method for a bubble with constant vapour pressure driven by an ambient pressure of 1 bar. If the bubble contains a larger amount of gas, the jet velocity gets smaller [6] . For larger γ this effect is more pronounced. The maximum pressure at jet impact is given, which grows with the distance from the wall, corresponding to the larger impact velocity. The values obtained from the present numerical simulation are lower than the water hammer pressure. This mainly is attributed to insufficient numerical resolution (for this particular effect). Another contribution might come from the gas in the bubble which decelerates the jet before impact.
The numerical simulation reveals details on the bubble dynamics around jet impact that are not, or not easily, accessible in the experiment. The tension wave traveling upwards in the funnel of the torus bubble after jet impact supports the explanation of the counter jet observed in experiments as secondary cavitation [11] . The formation of the sheet-like annular "nano-jet" after jet impact also has been described in numerical work on shock-induced bubble collapse [12] , and has been observed experimentally for larger cavitation bubbles close to a free surface [13] .
Future work will include an extension of the γ-range both to values smaller than unity and to larger values as well as comparisons with experimental data.
